Abstract The propagation of a cylindrical shock wave in a rotational axisymmetric non-ideal dusty gas in the presence of conductive and radiative heat fluxes with increasing energy, which has variable azimuthal and axial fluid velocities, is investigated. The dusty gas is assumed to be a mixture of non-ideal (or perfect) gas and small solid particles, in which solid particles are continuously distributed. Similarity solutions are obtained and the effects of the variation of the heat transfer parameters, the parameter of non-idealness of the gas, the mass concentration of solid particles in the mixture and the ratio of the density of solid particles to the initial density of the gas are investigated. It is shown that the heat transfer parameters and the parameter of non-idealness of the gas, both, decrease the compressibility of the gas and hence there is a decrease in the shock strength. 
Introduction
Marshak [1] studied the effect of radiation on the shock propagation by introducing the radiation diffusion approximation. He solved both the cases of constant density and constant pressure fields without invoking conditions of self similarity. Using the same mode of radiation, Elliott [2] discussed the conditions leading to self-similarity with a specified functional form of the mean free path of radiation and obtained a solution for self-similar spherical explosion. Wang [3] , Helliwell [4] and Nicastro [5] treated the problems of radiating walls, either stationary or moving, generating shocks at the head of self-similar flow fields. Ghoneium et al. [6] obtained the self-similar solution for spherical explosions taking into account the effects of both conduction and radiation in the two limits of Rosseland radiative diffusion and Planck radiative emission.
The formation of self-similar problems and examples describing the adiabatic motion of non-rotating gas models of stars, is considered by Sedov [7] , Zel'dovich and Raizer [8] , Lee and Chen [9] , and Summers [10] . The experimental studies and astrophysical observations show that the outer atmosphere of the planets rotates due to rotation of the planets. Macroscopic motion with super-sonic speed occurs in an interplanetary atmosphere and shock waves are generated. Shock waves often arise in nature because of a balance between wave breaking non-linear and wave damping dissipative forces [8] . Collisional and Collisionless shock waves can Nomenclature A angular velocity A a initial angular velocity a m speed of sound in the mixture a iso isothermal speed of sound in the mixture B constant b internal volume of the molecules of the gas b parameter of non-idealness of the gas C p specific heat of the perfect gas at constant pressure C v specific heat of the perfect gas at constant volume C sp specific heat of solid particles C pm specific heat of the mixture at constant pressure C vm specific heat of the mixture at constant volume D non-dimensional density E total energy of the flow between shock and the inner contact surface or piston E 0 constant E Ã constant F total heat flux F c conductive heat flux F R radiative heat flux f reduced total heat flux G ratio of the density of solid particles to that of the perfect gas G a ratio of the density of solid particles to that of the perfect gas at initial state g reduced density h reduced azimuthal velocity J abbreviation K thermal conductivity K p mass fraction (concentration) of the solid particles in the mixture L abbreviation l r non-dimensional radial component of vorticity l h non-dimensional axial component of vorticity l z Ã non-dimensional azimuthal component of vorticity M shock-Mach number M e effective shock-Mach number m total mass of the mixture m sp mass of solid particles N abbreviation P non-dimensional pressure p fluid pressure p g partial pressure of the gas in the mixture Q non-dimensional total heat flux q fluid velocity R shock radius R Ã gas constant r space coordinate r p radius of inner expanding surface S abbreviation s total energy variation index T absolute temperature of the mixture t time coordinate Rosseland mean absorption coefficient b density ratio across the shock b 0 ratio of specific heat of the solid particles to that of perfect gas at constant volume b c density variation index in thermal conductivity b R temperature variation index in absorption coefficient C ratio of specific heat of the mixture C c non-dimensional conduction heat transfer parameter C R non-dimensional radiation heat transfer parameter c ratio of the specific heat of the perfect gas d c density variation index in thermal conductivity d R density variation index in absorption coefficient k ambient azimuthal velocity variation index l ambient axial velocity variation index p ratio q density of the mixture q sp density of solid particles q g a density of the perfect gas in the initial state q g partial density of the gas in the mixture r Stefan-Boltzman constant / reduced radial velocity w reduced axial velocity n non-dimensional azimuthal component of fluid velocitỹ 1 vorticity vector 1 r radial component of vorticity vector 1 h axial component of vorticity vector 1 z Ã azimuthal component of vorticity vector Subscripts a immediately ahead of the shock n immediately behind the shock S at constant entropy T at constant temperature 0 reference state appear because of friction between the particles and wave-particle interaction [11, 12] respectively. Thus the rotation of planets or stars significantly affects the process taking place in their outer layers. Therefore question connected with the explosions in rotating gas atmospheres is of definite astrophysical interest. Chaturani [13] studied the propagation of cylindrical shock wave through a gas having solid body rotation, and obtained the solutions by a similarity method adopted by Sakurai [14] . Nath et al. [15] obtained the similarity solutions for the flow behind spherical shock waves propagating in a non-uniform rotating interplanetary atmosphere with increasing energy. Ganguly and Jana [16] studied a theoretical model of propagation of strong spherical shock waves in a self-gravitating atmosphere with radiation heat flux in presence of a magnetic field. They, also, considered the medium behind the shock to be rotating, but neglected the rotation of the undisturbed medium. Vishwakarma and Vishwakarma [17] and Vishwakarma et al. [18] obtained the similarity solution for magnetogasdynamic cylindrical shock waves propagating in a rotating medium which is perfect gas with variable density or a non-ideal gas with constant density. In all of the works, mentioned above, the ambient medium is supposed to have only one component of velocity that is azimuthal component. At extreme conditions that prevail in most of the problems associated with shock waves, the assumption that the gas is ideal is no longer valid. Anisimov and Spiner [19] have taken an equation of state for non-ideal gases in a simplified form, and investigated the effect of parameter for non-idealness on the problem of strong point explosions, which describes the behaviour of the medium satisfactorily at low densities. Ranga Rao and Purohit [20] have studied the self-similar flow of a non-ideal gas driven out by an expanding piston and obtained solutions by taking the equation of state suggested by Anisimov and Spiner [19] . Vishwakarma and Nath [21] obtained the similarity solutions for the flow behind an exponential shock in a non-ideal gas in both the cases, when the flow behind the shock was isothermal or adiabatic.
The study of shock waves in a mixture of a gas and small solid particles is of great important due to its applications to nozzle flow, lunar ash flow, bomb blast, coal-mine blast, under-ground, volcanic and cosmic explosions, metallized propellant rocket, supersonic flight in polluted air, collision of coma with a planet, description of star formation, particle acceleration in shocks, shock in supernova explosions, formation of dusty crystals and many other engineering problems (see Pai et al. [22] , Higashino and Suzuki [23] , Miura and Glass [24] , Gretler and Regenfelder [25] , Popel and Gisko [26] , Vishwakarma and Nath [27] [28] [29] , Igra et al. [30] , Sommerfeld [31] , Conforto [32] , Elperin et al. [33] , Miura [34] , Vishwakarma et al. [35] , Nath [36, 37] ). Miura and Glass [38] obtained an analytical solution of a planar dusty gas flow with constant velocities of the shock and the piston moving behind it. As they neglected the volume occupied by the solid particles mixed into the perfect gas, the dust virtually has a mass fraction but no volume fraction. Their results reflect the influence of the additional inertia of the dust upon the shock propagation. Pai et al. [22] generalized the well known solution of a strong explosion due to an instantaneous release of energy in gas [7, 39] to the case of two-phase flow of a mixture of perfect gas and small solid particles, and brought out the essential effects due to presence of dusty particles on such a strong shock wave. As they considered non-zero volume fraction of solid particles in the mixture, their results reflect the influence of both the decrease of mixture compressibility and the increase of mixture's inertia on the shock propagation [40, 35] . Vishwakarma and Nath [27] [28] [29] and Gretler and Regenfelder [25] obtained the similarity solution for strong shock waves in radiating and non-radiating dusty gas (a mixture small solid particles and non-ideal or perfect gas). Vishwakarma and Nath [27] obtained the similarity solution for an unsteady flow behind a strong exponential shock driven out by a piston in a dusty gas in both the cases, when the flow between the shock and the piston was isothermal or adiabatic. Vishwakarma et al. [35] studied the propagation of shock waves in a dusty gas with heat conduction, radiation heat flux and exponentially varying density using a non-similarity method. Nath [36] studied the propagation of a strong cylindrical shock wave in a rotational axisymmetric dusty gas with exponentially varying density, in both the cases, when the flow behind the shock was isothermal or adiabatic, using a non-similarity method without taking the effect of radiation. Recently, Nath [37] studied the self-similar flow of a rotating dusty gas behind the shock wave with conduction, radiation heat flux and increasing energy by taking into account the azimuthal and radial components of velocity and without considering the vorticity vector. Also, he obtained the solution with the assumption that the thermal conductivity 'K' and the absorption coefficient a R of the medium vary with temperature only.
In all of the work mentioned above, the effects of rotation with variable azimuthal and axial components of velocity and vorticity vector are not taken into account by any of the authors in the case of dusty gas (a mixture of small solid particles and perfect or non-ideal gas) with increasing energy, in the presence of conductive and radiative heat fluxes.
In the present work, we obtained the similarity solutions for the flow behind the cylindrical shock wave propagating in a rotational axisymmetric dusty gas (a mixture of perfect or non-ideal gas and small solid particles) with increasing energy, in presence of conductive and radiative heat fluxes, which has a variable azimuthal fluid velocity together with a variable axial fluid velocity [41, 36, 42] by taking into account of the components of vorticity vector. The medium is assumed to be rotating about the axis of symmetry due to its applications in rotating stars or planets. The shock Mach number is not infinite, but has a finite value. The fluid velocities in the ambient medium are assumed to be obeying the power laws and the density in the ambient medium is taken to be constant. Also, the angular velocity of rotation of the ambient medium is assumed to be decreasing as the distance from the axis increases. It is expected that such an angular velocity may occur in the atmospheres of rotating planets and stars [29, 36, 42] . Our present study is the generalization of our earlier works [29, 37] by considering the presence of the axial fluid velocity and vorticity components.
In order to get some essential features of the shock propagation, small solid particles are considered as a pseudo-fluid, and the mixture at a velocity and temperature equilibrium with a constant ratio of specific heat [43] . For this gas particle mixture to be treated as a so-called idealized equilibrium gas [44] , it is necessary to consider the particle diameter much smaller than a characteristic length of the flow-field. In this case, we may assume that the viscous stress of the mixture is negligible (but not the heat conduction of the medium). Inspite of the fact that the viscosity and heat conduction of the medium have the same physical mechanism, the viscosity term are negligible and may be dropped from the momentum and energy equations based on order of magnitude analysis applied to the conservation equations (Kamel et al. [45] have shown that the inclusion of viscosity changes the flow-field parameters only by order of 0.001%). The heat transfer fluxes are expressed in terms of Fourier's law for heat conduction and a diffusion radiation model for an optically thick grey dusty gas, which is typical of large-scale explosions. The thermal conductivity and absorption coefficient of the gas are assumed to be proportional to appropriate powers of temperature and density [6, 35] . Also, it is assumed that the dusty gas is grey and opaque, and the shock is isothermal. The assumption that the shock is isothermal is a result of the mathematical approximation in which the heat flux is taken to be proportional to the temperature gradient; this excludes the possibility of temperature jumps [8, 46, 47, 35, 29] . Radiation pressure and radiation energy are neglected [2, 3, 6] . The assumption of an optically thick grey gas is physically consistent with the neglect of radiation pressure and radiation energy [5] . The effects of the variation of the heat transfer parameters on the flow variables behind the shock are obtained. The effects of an increase in (i) the parameter of non-idealness of the gas in the mixture b, (ii) the mass concentration of solid particles in the mixture K p , and (iii) the ratio of the density of solid particles to the initial density of the gas G a on the flow variables behind the shock are also investigated. The findings of the present work provided a clear picture of whether and how in the rotating medium the non-idealness of the gas, the mass concentration of solid particles in the mixture, the ratio of the density of solid particles to the initial density of the gas in the mixture, and the conductive and radiative heat transfer parameters affect the propagation of shock and the flow behind it. It is investigated that the heat transfer parameters and the parameter of non-idealness of the gas, both, decrease the compressibility of the gas and hence there is a decrease in the shock strength whereas the reverse behaviour is obtained with an increase in the ratio of the density of solid particles to the initial density of the gas in the mixture.
Fundamental equations and the boundary conditions
We consider the medium to be a dusty gas (a mixture of small solid particles and non-ideal gas). The equation of state of the non-ideal gas in the mixture is taken to be [19] [20] [21] 28, 29] 
where p g and q g are the partial pressure and partial density of the gas in the mixture, T is the temperature of the gas (and of the solid particles as the equilibrium flow condition is maintained), R Ã is the specific gas constant and ' b' is the internal volume of the molecules of the gas. In this equation the deviations of an actual gas from the ideal state are taken into account, which result from the interaction between its component molecules. It is assumed that the gas is still so rarefied that triple, quadruple, etc., collisions between molecules are negligible, and their interaction is assumed to occur only through binary collisions.
The specific volume of solid particles is assumed to remain unchanged by variations in temperature and pressure. Therefore the equation of state of the solid particles in the mixture is, simply,
where q sp is the species density of the solid particles. Proceeding on the same lines as in the Pai [43] and Vishwakarma and Nath [28, 29] we obtain the equation of state of the mixture as
where p and q are the pressure and density of the mixture,
is the mass fraction (concentration ) of the solid particles in the mixture, m sp and V Ã sp being respectively the mass and the volumetric extensions of the solid particles in a volume V Ã and mass m of the mixture. The relation between K p and Z is given by Pai [43] 
In the equilibrium flow, K p is constant in the whole flow-field. Therefore, from Eq. (4),
in the whole flow field. Also, we have the relation [43] 
is the ratio of the species density of solid particles to the species density of the gas.
The internal energy per unit mass of the mixture may be written as
where C sp is the specific heat of the solid particles, C v is the specific heat of the gas at constant volume process, and C vm is the specific heat of the mixture at constant volume process. The specific heat of the mixture at constant pressure process is
where C p is the specific heat of the gas at constant pressure process.
The ratio of the specific heat of the mixture is given by Pai et al. [22] and Pai [43] 
neglecting the term containing b 2 q 2 [19, 21, 28, 29] . The internal energy per unit mass of the mixture is, therefore, given by
The fundamental equations governing the unsteady, adiabatic axisymmetric rotational flow of the mixture of a non-ideal gas and small solid particles with heat conduction and radiation heat flux taken into account may in Eulerian coordinates, be expressed as (c.f. Chaturani [13] , Ghoniem et al. [6] , Vishwakarma et al. [35] , Levin and Skopina [41] , Vishwakarma and Nath [29] , and Nath [36, 37, 42] )
where r and t are independent space and time coordinates u; v and w are the radial, azimuthal and axial components of the fluid velocity q ! in the cylindrical coordinates ðr; h; z Ã Þ and F is the heat flux.
Also,
where A is the angular velocity of the medium at radial distance r from the axis of symmetry. In this case the vorticity vector
Curlq has the components
The total heat-flux F, which appears in the energy equation may be decomposed as
where F c is the conductive heat flux and F R is the radiative heat flux. According to Fourier's law of heat conduction
where 'K' is the coefficient of the thermal conductivity of the gas and 'T' is the absolute temperature. Assuming local thermodynamic equilibrium and using the radiative diffusion model for an optically thick grey gas [48] , the radiative heat flux F R may be obtained from the differential approximation of the radiation transport equation in the diffusion limit as
where r is the Stefan-Boltzman constant and a R is the Rosseland mean absorption coefficient. The thermal conductivity 'K' and the absorption coefficient a R of the medium are assumed to vary with temperature and density. These can be written in the form of power laws, namely [6, 35, 29 ]
where the subscript 0 denotes a reference state. In the above equations the exponents and the constants K 0 ; a R 0 are to be determined from gas-property data within the appropriate temperature range; if a self-similar solution is sought they must also satisfy the similarity requirements. We assume that a cylindrical shock wave is propagating outwards from the axis of symmetry in the undisturbed medium (mixture of a non-ideal (or perfect gas) and small solid particles) with constant density, which has zero radial velocity and variable azimuthal and axial velocities. The flow variables immediately ahead of the shock front are
where R is the shock radius, B, E Ã ; k and l are constants, and the subscript 'a' denotes the conditions immediately ahead of the shock.
Therefore, from (13) and (25), we have
where the undisturbed pressure upon the axes of symmetry p a ð0Þ is taken to be zero, since for p a ð0Þ > 0 the flow would not be self-similar. Ahead of the shock, the components of the vorticity vector, therefore vary as
From Eqs. (25) and (17), we find that the initial angular velocity varies as
It decreases as the distance from the axis increases, if
For an isentropic change of state of the mixture of nonideal gas and small solid particles, under the thermodynamic equilibrium condition, we may calculate the so-called equilibrium speed of sound of the mixture, as follows:
neglecting b 2 q 2 , where subscript 'S' refers to the process of constant entropy. In addition, the isothermal speed of sound may also play a role, when thermal radiation is taken into account. The isothermal sound speed in the mixture is
where the subscript 'T' refers to the process of constant temperature. The disturbance is headed by an isothermal shock the formation of the isothermal shock is a result of the mathematical approximation in which the flux is taken to be proportional to the temperature gradient. This excludes the possibility of a temperature jump (see for example Zel'dovich and Raizer [8] , Vishwakarma et al. [35] , Rosenau and Frankenthal [46, 47] , Vishwakarma and Nath [29] , and Nath [37] ) and hence, the conditions across it are
where the subscript 'n' denotes the conditions immediately behind the shock front and V ¼ dR dt denotes the velocity of the shock front.
From Eqs. (35)- (41), we obtain
where M ¼ is the parameter of non-idealness of the gas. The density ratio bð0 < b < 1Þ across the shock front is obtained from the cubic equation
For all values of the parameters c; b; M; K p ; G a , b 0 within physical limit, Eq. (49) gives three different values of b out of which only one lies in the required range 0 < b < 1 satisfying the physical limit of the considered problem.
The expression for the initial volume fraction of the solid particles 'Z a ' is given by, from Eq. (6),
where
is the ratio of the species density of the solid particles to the initial species density of the gas q g a in the mixture.
Following Levin and Skopina [41] and Nath [36, 42] , we obtain the jump conditions for the components of vorticity vector across the shock as
Also, the relation between M and the effective shock-Mach number M e is
where M e is defined by M e ¼ shock speed sound speed in two phase flow
The total energy E of the flow-field behind the shock is not constant, but assumed to be time dependent and varying as [50] 
where 's' is a non-negative number and E 0 is a constant. The positive values of 's' correspond to the class in which the total energy increases with time. This increase can be achieved by the pressure exerted on the fluid by the inner expanding surface (a contact surface or a piston). This surface may be, physically, the surface of the stellar corona or the condensed explosives or the diaphragm containing a very high-pressure driver gas. By sudden expansion of the stellar corona or the detonation products or the driver gas into the ambient gas, the shocked gas is separated from this expanding surface which is a contact discontinuity. This contact surface acts as a 'piston' for the shock wave. Thus the flow is headed by a shock front and has an expanding surface as an inner boundary. The situation very much of the same kind may prevail during the formation of a cylindrical spark channel from exploding wires. In addition, in the usual cases of spark break down, time-dependent energy input is a more realistic assumption than instantaneous energy input [51] .
Similarity solutions
We introduce the following similarity transformations to reduce the equations of motion into ordinary differential equations u ¼ VUðXÞ; v ¼ VnðXÞ; w ¼ VWðXÞ;
where U, n, W, D, P and Q are functions of the non-dimensional variable X ¼ r R
. The shock front is represented by X ¼ 1. The total energy of the disturbance is given by
where r p is the radius of the inner expanding surface or piston. Applying the similarity transformations (56) to the relation (57), we find that the motion of the shock front is given by the equation
in which X p being the value of X at the inner expanding surface. Eq. (58) can be written as
which on integration gives
From (60), we get the shock velocity
For existence of similarity solution the shock-Mach number 'M' should be a constant; therefore k ¼ sÀ2 sþ2
. Thus
where s > 2. Eq. (63) shows that the solutions of the present problem can not be reduced to the case in which the ambient medium is non-rotating (i.e. the case in which
The shock conditions (42)-(48) are transformed into
To obtain the solution in a convenient form, we introduce the following transformations
Using the transformations (70), the equations of the motion (12)-(16) take the form
By using Eqs. (20)- (22) in (19), we obtain
Cylindrical shock waves in rotational axisymmetric non-ideal dusty gas with heat fluxesUsing the Eqs. (3) and (70) in Eq. (76), we obtain
Eq. (77) shows that the similarity solution of the present problem exists only when
Similar expressions of b R were obtained earlier by Sedov [7] , Elliott [2] , Helliwell [4] and Nicastro [5] by the use of dimensional analysis. Also, Ghoniem et al. [6] obtained the similar type of expression for b c and b R . The expressions given above show the effect of the process of energy exchange, reflected by the dependence of b c and b R on the total energy index s. Therefore Eq. (77) becomes
where , respectively, and also on the exponent s, and they are given by 
In terms of the dimensionless variables X; /; g; Y; f; h and w the shock conditions take the form X ¼ 1; /ð1Þ ¼ ð1 À bÞ; gð1Þ ¼ 1; Yð1Þ ¼ 1;
where it is necessary to use k ¼ l. In addition to the shock conditions (80), the condition to be satisfied at the inner boundary surface is that the velocity of the fluid is equal to the velocity of inner boundary itself. This kinematic condition, from Eqs. (56) and (70), can be written as
By solving Eqs. (71)- (75), (79) , we have
Also, applying the similarity transformations on Eqs. (18), we obtain the non-dimensional components of the vorticity vector l r ¼
in the flow-field behind the shock as
The adiabatic compressibility of the mixture of non-ideal gas and small solid particles may be calculated as (c.f. MoelwynHughes [52] , Vishwakarma and Nath [29] , and Nath [37] )
where @q @p S denotes the derivative of q with respect to p at constant entropy S. By using Eq. (70) in (34) and (91) we get the expression for reduced isothermal speed of sound and adiabatic compressibility as
respectively. The ordinary differential Eqs. (82)- (87) with boundary conditions (80) and (81) can now be numerically integrated to obtain the solution for the flow behind the shock front.
Results and discussion
Similarity considerations lead to the following relations among the constants k; l and s [22, 24, [27] [28] [29] 35, 37] . Starting from the shock front, the numerical integration is carried out until the singularity of the similarity solution /ðX P Þ ¼ X p is reached. This marks the inner boundary of the disturbance (i.e. the position of the inner expanding surface). The value c ¼ 1 Á 4; b 0 ¼ 1 , may correspond to the mixture of air and glass particles [38] . The value K p ¼ 0 corresponds to the dust free case and K p ¼ 0, b ¼ 0 to the perfect gas case. The value M ¼ 5 of the shock Mach number is appropriate, because we have treated the flow of a mixture of a non-ideal gas and a pseudo-fluid (small solid particles) at a velocity and temperature equilibrium. The assumption of velocity and temperature equilibrium may be a good approximation for strong shock waves, because the thickness of the relaxation zone behind the shock front becomes very small for high Mach numbers [25, 35, 29, 37] . The set of values C c ¼ 1, C R ¼ 10 is the representative of the case in which there is heat transfer by both conduction and radiative diffusion. Also, the set of values d c ¼ 1; d R ¼ 2 is the representative of the case of high-temperature, low density medium [6] .
Values of the density ratio across the shock front b and the position of the inner expanding surface X p are tabulated in Table 1 with different values of K p ; G a and b for c ¼ 1 , the non-dimensional azimuthal component of vorticity vector l h , the non-dimensional axial component of vorticity vector l z Ã , the reduced isothermal speed Table 1 Variation of the density ratio b across the shock front and the position of the inner expanding surface X p with different values of K p , G a and , (j) adiabatic compressibility ðC adi Þp a ; 1.
of sound aiso V and adiabatic compressibility ðC adi Þp a with X at various values of the parameters K p ; G a ; b , C c and C R . Table 1 shows the variation of the density ratio b across the shock front and the position of the inner expanding surface X p with different values of K p ; G a and b for and Tables 2 and 3 show the position of the inner expanding surface for different values of C c (for C R ¼ 10) and C R (for C c ¼ 1) respectively, with
It is shown that, as we move inwards from the shock front towards the inner expanding surface (piston), the reduced radial component of fluid velocity have higher values at the inner expanding surface than at the shock front. In fact, since the total energy increases with time, the velocity of the inner expanding surface is higher than the fluid velocity behind the shock. This fact can be seen from the Table 1 which 
Therefore, most of the mass is concentrated near the piston than at the shock front. In Figs. 1 and  2 , it is also seen that the reduced azimuthal component of fluid velocity , azimuthal component of vorticity vector l h and the adiabatic compressibility ðC adi Þp a decrease, in general, as we move inwards from the shock front. The behaviour of the heat flux profiles is similar to those obtained by Elliott [2] , Ghoniem et al. [6] , and Vishwakarma et al. [35] . Our present study is the generalization of our earlier works [37, 29] by considering the presence of axial fluid velocity and the vorticity components (Figs. 1(c) , (g) and (h) and 2(c), (g) and (h)). In the present work, we have also studied the effects of variation of heat flux parameters C c and C R on the flow profiles behind the shock (Fig. 2(a)-(j) ), and the variation of adiabatic compressibility with the parameters K p ; G a ; b , C c and C R .
The effects of an increase in the value of the parameter of non-idealness b of the gas are:
(i) to increase the value of b (i.e. to decrease the shock strength, see Table 1 ); (ii) to increase the distance of the inner expanding surface ð1 À X p Þ from the shock front (see Table 1 ), i.e. the flow-field behind the shock becomes somewhat rarefied. This shows the same result as in (i), i.e. there is a decrease in the shock strength; (iii) to decrease the reduced radial component of fluid velocity u V
, the reduced pressure p p n , the non-dimensional axial component of vorticity vector l z Ã , and to increase the at any point in the flow-field behind the shock (see Fig. 1(a)-(c) , and (e)-(i)); (iv) to decrease the reduced densityn in general but it remains unaffected for K p ¼ 0:4; G a ¼ 20 (see Fig. 1(d)) ; and (v) to decrease the adiabatic compressibility ðC adi Þp a in general, but to increase it when K p ¼ 0:4; G a ¼ 20 (see Fig. 1(j) ).
In fact, an increase in the value of the parameter of non-idealness of the gas b decreases the compressibility of the gas which results in (i), (ii) and (iv) given above. Fig. 1(a) -(j) shows that for the given values of C c ; C R and K p , the effects of an increase in the ratio of the density of the solid particles to the initial density of the gas G a are:
(i) to decrease the value of b (i.e. to increase the shock strength, see Table 1 ); Table 3 Position of the inner expanding surface X p for different values of C c with C R ¼ 10, (ii) to decrease the distance of the inner expanding surface from the shock front (see Table 1 ).This means that an increase in the ratio of the species density of the solid particles to the initial species density of the gas has an effect of increasing the shock strength, which is the same as indicated in (i) above; (iii) to increase the flow variables Fig. 1(a)-(j) ).
The above effects are more impressive at higher values of K p . These effects may be physically interpreted as follows:
By an increase in G a (at constant K p ), there is high decrease in Z a , i.e. the volume fraction of solid particles in the undisturbed medium becomes, comparatively, very small. This causes comparatively more compression of the mixture in the region between shock and inner expanding surface, which displays the above effects.
Also, Fig. 1(a)-(j) shows that for the given values of C c ; C R and G a the effects of an increase in the mass concentration of the solid particles K p are.
(i) to decrease the shock strength (i.e. to increase the value of b) when G a ¼ 20 and to increase it (i.e. to decrease the value of b ) when G a ¼ 100; b -0 (see Table 1 ); (ii) to increase the distance of the inner expanding surface from the shock front when G a ¼ 20, the effect is small and of opposite nature,when G a ¼ 100; b ¼ 0:1; K p > 0:3 (see Table 1 ); (iii) to decrease the flow variables ; l h and aiso V in general (see Fig. 1(a)-(c) , (e), (g)-(i)); (iv) to decrease the adiabatic compressibility ðC adi Þp a and to increase it for G a ¼ 100; b -0 (see Fig. 1 (j)); and (v) to decrease the total heat flux Physical interpretation of these effects is as follows: In case of G a ¼ 20, an increase in K p reduces the compressibility of the medium due to increase in inertia of the mixture. This causes an increase in the distance between the shock front and the inner expanding surface, a decrease in the shock strength, and the above behaviour of the flow variables. Similar effects can be obtained for G a ¼ 100; b ¼ 0. In the case of G a ¼ 100; b -0 Fig. 1(j) shows an increase in ðC adi Þp a due to increase in K p . This increase in ðC adi Þp a is not because of the increase in the compressibility C adi , but is the result of increase in the pressure p a due to increase in the mass of the mixture. , azimuthal component of vorticity vector l h , the isothermal speed of sound aiso V and the adiabatic compressibility ðC adi Þp a (see Fig. 2(b) , (c), (g), (i), and (j)); and (iii) to increase the distance between the inner expanding surface and the shock front (see Table 2 ). This means that an increase in the value of conductive heat transfer parameter has an effect of decreasing the shock strength i.e. the flow field behind the shock becomes somewhat rarefied. Fig. 2(a)-(j) shows that, the effects of an increase in the value of conductive heat transfer parameter C c are very similar to those of an increase in C R .
Conclusions
The present work investigates the similarity solutions for the propagation of cylindrical shock wave in a rotational axisymmetric dusty gas (a mixture of non-ideal or perfect gas and small solid particles) with heat conduction and radiation heat flux and increasing energy. The effects of variation of heat transfer parameters, the parameters of the non-idealness of the gas, the mass concentration of solid particles in the mixture K p and the ratio of the density of solid particles to the initial density of the gas G a are investigated. On basis of this work, one may draw the following conclusions:
(i) An increase in the parameter of conductive (or radiative) heat transfer C c (or C R ) decreases the shock strength and widens the disturbed region between the shock and the inner expanding surface. (ii) An increase in the parameter of non-idealness of the gas has significant effects on the flow-variables between the shock and the inner expanding surface. An increase in the value of the parameter of non-idealness of the gas and the conductive (or radiative) heat transfer parameter exhibits similar effects on the shock strength and on the distance between the shock front and the inner expanding surface. (iii) An increase in the ratio of the density of solid particles to the initial density of the gas G a affects significantly the flow variables, increases the shock strength and compresses the disturbed region between the shock and the inner expanding surface. (iv) An increase in the mass concentration of solid particles in the mixture K p , also, has significant effects on the flow variables between the shock and the piston. When G a ¼ 20, the effects of an increase in the value of K p , on the shock strength and on the distance between piston and shock front and compressibility are similar to those of an increase in the value of G a , but the reverse behaviour is obtained when G a ¼ 100; b -0.
The article concerns with the explosion problem in rotating medium, however the methodology and analysis presented here may be used to describe many other physical systems involving non-linear hyperbolic partial differential equations. The examples we have given make clear the nature of shock waves in dusty medium. However, they serve mainly as illustrations of how the shock waves in dusty medium can be described. In reality, many other processes can be important and a more comprehensive analysis of the shock can be important for applications in astrophysics. The shock waves in a rotational axisymmetric dusty gas with conductive and radiative heat fluxes and increasing energy can be important for description of shocks in supernova explosions and in the study of star burst galaxies, nuclear explosion, rupture of a pressurized vessel and explosion in the ionosphere etc. Other potential applications of this study include analysis of data from exploding wire experiments in dusty medium, and cylindrically symmetric hypersonic flow problems associated with meteors or reentry vehicles (c.f. Hutchens [53] ). Also, the present study can be important for the description of the following:
Shocks in supernova explosions
The layer of dust behind the supernova shock is observed usually. The problem is to verify whether the layer of dust is related to the process of dust condensation behind the shock wave front.
Shocks in intense prolonged flare activity
The present self-similar model may be used to describe some of the overall features of a ''driven'' shock wave produced by a flare energy release E (c.f. Eq. (55)) that is time dependent. The energy 'E' increases with time and the solutions then correspond to a blast wave produced by intense, prolonged flare activity in a rotating star when the wave is driven by fresh erupting plasma for some time and its energy tends to increase as it propagates from the star.
